HEART FAILURE: DEFINITIONS AND THE MAGNITUDE OF THE PROBLEM
===========================================================

Heart failure is the final common pathway of a number of disorders which result in myocardial dysfunction. These can be classified as either heart failure with reduced ejection fraction (HFrEF) defined as a left ventricular ejection fraction (LVEF) less than 40% or heart failure with preserved ejection fraction defined as a LVEF greater than 40%.[@B1] The etiologies of these forms of heart failure are disparate and beyond the scope of this review article. LVAD therapy is reserved for patients with HFrEF who have failed Guideline Directed Therapies including renin-angiotensin-aldosterone system (RAAS) antagonists, sympathetic nervous system antagonists and cardiac resynchronization therapy (CRT) with worsening symptoms and cardiac dysfunction. Patients with New York Heart Association (NYHA) class IV symptoms (dyspnea at rest) despite optimal Guideline Directed Medical Therapies (GDMT) have a poor prognosis at one year as well as a poor quality of life.[@B2] Patient with American College of Cardiology Foundation/American Heart Association Stage D heart failure have dyspnea at rest despite maximal GDMT, essentially failing these therapies and required more advanced therapies such as heart transplantation or LVADs. These patients are said to have advanced heart failure.

It is estimated that six million Americans have heart failure. Additionally, heart failure results in over 1,000,000 hospitalizations, 600,000 deaths and 600,000 new cases in the United States.[@B3] This makes it the leading cause of death and hospitalizations in the United States. It is estimated that 5% of patients with heart failure have NYHA class IV symptoms, meaning that there are 300,000 patients with advanced heart failure who may be candidates for advanced therapies.[@B3] These numbers will likely increase as the population ages and as patients survive diseases that damage the ventricles that they would have succumb from such as myocardial infarction, diabetes and valvular heart disease. It is estimated that within the next twenty years in the United States, the number of heart failure patients will double as will the number of patients with advanced heart failure. As the number of heart transplants in the United States has never exceeded 5,000 per year, there is a clear need for advanced therapies as alternatives to heart transplants. Similar increases in the number of patients with heart failure and advanced heart failure are anticipated in Europe, Latin America and much of Asia.

HISTORY OF MECHANICAL CIRCULATORY SUPPORT
=========================================

The earliest effort to use external technology to support the cardiovascular system was by John Gibbons to provide cardiopulmonary bypass (CPB) during cardiac surgery in a patient undergoing atrial septal defect repair. Surgeons subsequently used CPB to support patients outside of the operating room for post-surgical recovery and to enable cardiac recovery. This led to interest in providing support of patients in cardiovascular shock.[@B4] The National Institutes of Health (NIH) convened panels to develop strategies for providing this support. The earliest efforts were directed at completely replacing the heart. In the 1950s, Kolff developed a total artificial heart (TAH) at the Cleveland Clinic. Liotta in Argentina also worked on an artificial heart.[@B5] This work was done mainly in animals. Liotta subsequently moved to Baylor where a concerted TAH program was being developed. Michael DeBakey received a grant from the NIH to develop a LVAD.[@B6][@B7] After cardiac transplantation was first performed in Cape Town, South Africa and elsewhere around the world, the intention of these early devices was to serve as a bridge in patients in cardiogenic shock until a donor heart became available. The earliest ventricular assist devices (VADs) were paracorporeal with external VADs providing blood flow to the patients. The first of these was implanted in the late 1960s.[@B8] At Penn State University fifty years ago, Dr. William Pierce developed a pneumatic heart assist device ([Figure 1](#F1){ref-type="fig"}).[@B7] This device ultimately became the Thoratec pneumatic VAD which was one of the first VAD to be approved by the Food and Drug Administration (FDA) as a bridge-to-transplant (BTT). It has subsequently been used as a BTT in over 4,000 patients for ventricular support. This technology evolved further into the HeartMate I, a pulsatile device that was first used over 25 years as a BTT.[@B7]

![The prototype of the first left ventricular assist device which became the Thoratec XVE and the HeartMate (with appreciation to Gerson Rosenberg, PhD, Professor of Artificial Organs, Pennsylvania State University, Hershey, Pennsylvania).](kcj-49-568-g001){#F1}

Destination therapy (DT) was first investigated as an approach for using LVADs, in this case the HeartMate I, as mechanical circulatory support (MCS) for patients with advanced heart failure in the Randomized Evaluation of Mechanical Assistance for the Treatment of Congestive Heart Failure (REMATCH) trial.[@B9] In this randomized clinical trial, 129 patients with advanced heart failure were randomized to receiving an LVAD (n=68) or receiving optimal medical therapy (OMM; n=61), consisting mainly of intravenous inotropic therapy. Patients who received an LVAD had a 48% reduction in the risk of all cause mortality compared to the OMM group.[@B9] Quality of life was improved in the LVAD vs. the OMM group. However, despite the survival advantage in the LVAD group, survival was only 52% at one year in the LVAD group.[@B9] LVAD patients had many adverse events related to their LVADs including infection, bleeding and device malfunction. The one year survival for the LVAD patients was far inferior for what was reported for heart transplant recipients at the time. Thus despite an improvement in survival compared to OMM, the outcomes with the HeartMate I as a device for DT was not adequate for DT to be widely adopted. This was due to the LVAD technology available at the time, the HeartMate. For DT to flourish and benefit more newer LVADs would have to be available.

CONTINUOUS FLOW LVADs: SECOND AND THIRD GENERATION LVADs
========================================================

LVAD design evolved radically after the REMATCH trial with the development of continuous flow (CF) LVADs. These were no longer pulsatile. Instead, blood was propelled through a rotor. Flow was continuous and not pulsatile as in native hearts. These devices as opposed to the earlier HeartMate I required systemic anticoagulation. An initial study of 133 patients awaiting cardiac transplantation underwent implantation of the HeartMate II LVAD, a second generation VAD with an axial flow design.[@B10] Mean time of support was 126 days and the survival rate was 75% at six months and 68% at one year.[@B10] The latter represented and improvement from the 52% one year survival seen at one year in the REMATCH trial with the HeartMate.[@B11] The functional status and Quality of Life improved three months after implantation of the CF LVADs. Major adverse events included right ventricular (RV) failure, postoperative bleeding, stroke, percutaneous lead infection and pump thrombosis.

A subsequent study in patients not eligible for cardiac transplantation compared the Heartmate II to the HeartMate I in a 2:1 randomization ratio.[@B12] The 134 patients received the HeartMate II and 66 received the HeartMate I. At two years, patients receiving the HeartMate II had a 58% survival compared to 24% for the HeartMate I recipients.[@B12] HeartMate II recipients had greater freedom from stroke or VAD replacement indicating that the HeartMate II was a more durable VAD than its predecessor. These results led to FDA approval of the HeartMate II for MCS for DT and the obsolescence of the HeartMate I which subsequently was no longer produced.

Third generation LVADs were CF devices which had centrifugal flow which meant that flow in the VAD was perpendicular to flow coming in from the left ventricle. These devices were smaller than the HeartMate II and had a moving impeller suspended by magnetic and hydrodynamic forces to reduce shear and prolong LVAD durability. The archetype LVAD in this group is the HeartWare ventricular assist device (HVAD) which was studied in the The HeartWare™ Ventricular Assist System as Destination Therapy of Advanced Heart Failure (ENDURANCE) study which was a comparison to of the HVAD centrifugal flow VAD to the HeartMate II axial flow device.[@B13] The 446 patients were randomized in a 2:1 manner to the HVAD (n=297) vs. the HeartMate II (n=148). The primary end point was survival at 2 years free from disabling stroke or device removal for malfunction or failure.[@B13] The primary endpoint was achieved in 554.1% of HVAD and 59.1% of HeartMate II patients (p=NS). More patients in the HeartMate II group had VAD malfunction or failure requiring replacement (16.2% vs. 8.8%) while the stroke rate was higher in the HVAD group compared to the HeartMate II group (29.7% vs. 12.1%).[@B13] Strokes were associated with higher blood pressures. Thus while the HVAD appeared to be more durable than the HeartMate II, it was associated with a higher stroke rate.[@B13]

INDICATIONS: WHO SHOULD GET AN LVAD?
====================================

LVADs are reserved for those with poor cardiac function and are unlikely to live for more than a matter of a few months. There are two ways in which they can be utilized. The first is as a BTT to keep critically ill patients alive until a heart transplant becomes available. They will generally have MCS for shorter periods of time for patient receiving LVADs for DT. Consequently, potential VAD related complications are more significant in the latter group than in the former.[@B14][@B15] [Table 1](#T1){ref-type="table"} illustrates the predictors of poor survival in heart failure patients which should trigger consideration for LVAD therapy and an LVAD evaluation. [Table 2](#T2){ref-type="table"} shows the indications of LVADs.[@B14][@B15]

###### Predictors of poor survival in heart failure patients

![](kcj-49-568-i001)

  Predictors
  -----------------------------------------------------------------------------------------------------------------
  "1 block or 1 year" (patient cannot walk more than one block and is likely not to survive for more than a year)
  Beta blocker or ACE inhibitor intolerant (at significant "heart failure" doses)
  Hospitalization for CHF on appropriate medications
  In a six-month period, two or more hospitalizations for acute decompensated heart failure
  Requirement for inotropes
  LVEDD \>75 mm
  Non-responder to CRT

ACE = angiotensin-converting-enzyme; CHF = congestive heart failure; CRT = cardiac resynchronization therapy; LVEDD = left ventricular end-diastolic dimension.

###### Indications and contraindications for MCS[@B17]
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  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Indications   Contraindications                                                                                                                                                Implantation site requirements                                                                    
  ------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------- ---------------------------------------------------------
  DT            Absolute                                                                                                                                                         • Surgeons implanting at least 10 durable devices over last 36 months with activity in last 12\   
                                                                                                                                                                                 • Cardiologists trained in advanced heart failure and device-based management of VADs\            
                                                                                                                                                                                 • VAD program coordinator\                                                                        
                                                                                                                                                                                 • Social worker\                                                                                  
                                                                                                                                                                                 • Palliative care specialist                                                                      

                • Failed optimal medical management for at least 45 of the preceding 60 days (75% of time)\                                                                                                                                                                        • Irreversible hepatic, renal, or neurological disease\
                • IABP dependency for 7 days\                                                                                                                                                                                                                                      • Medical Non-adherence\
                • Ionotrope dependency for 14 days\                                                                                                                                                                                                                                • Severe psychosocial limitations
                • LVEF \<25%\                                                                                                                                                                                                                                                      
                • VO~2~ ≤14 mL/kg/min in patients without balloon or ionotrope dependency\                                                                                                                                                                                         
                • NYHA functional class IV                                                                                                                                                                                                                                         

  Relative                                                                                                                                                                                                                                                                         

                • Limited life expectancy (age \>80 for DT, untreated malignancy)\                                                                                                                                                                                                 
                • Poor nutritional status (obesity or malnutrition)\                                                                                                                                                                                                               
                • Limitations to rehabilitation (musculoskeletal disease, severe peripheral vascular disease, active substance abuse, active infection, prolonged intubation)\                                                                                                     
                • Psychosocial barriers (unmanaged psychiatric disorders, lack of social support)                                                                                                                                                                                  
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

DT = destination therapy; MCS = mechanical circulatory support; IABP = intra-aortic balloon pumps; LVEF = left ventricular ejection fraction; NYHA = New York Heart Association; VAD = ventricular assist device.

There are several definitions for the strategy to be employed for LVAD implantation. These are shown on [Table 3](#T3){ref-type="table"}.[@B15][@B16][@B17] The Most common are BTT to support patients on the transplant list until a donor heart becomes available and DT which is placement of an LVAD without a future heart transplant anticipated. Other scenarios include bridge-to-candidacy (BTC) in which LVADs are implanted in patients who are not at time of implant candidates for a heart transplant but may become a candidate in the future. An example of this would be a patient who is a few years out from treatment for a malignancy and develops sever heart failure requiring an LVAD. The patient would not at that point be a candidate for heart transplant because of the recent malignancy so the LVAD is implanted to save the patient\'s life and keep them alive until they are considered cured of the malignancy and could thus be listed for transplant. Bridge-to-decision (BTD) is similar to BTC. Bridge-to-Recovery (BTR) is where the LVAD is implanted in patients who are severely hemodynamically compromised but who with MCS may develop myocardial recovery to the point that the LVAD can be explanted. Identifying these patients before LVAD implantation may be challenging and recovery can usually only be identified after LVAD implantation and during the course of MCS.[@B18][@B19][@B20]

###### Goals of therapy in long-term MCS therapy candidates[@B17]
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  Goal of therapy   Definition
  ----------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  BTT               Transplant-eligible patients who otherwise would not survive before a donor heart becomes available
  DT                Patients who require lifelong MCS as an alternative to heart transplantation,
  BTC               Patients who are not currently transplant-eligible but who do not have absolute contraindications and who may be reconsidered for transplant after a period of temporary circulatory support
  BTR               Patients who require a temporary period of MCS for cardiac recovery from acute insults such as cardiogenic shock
  BTD               Patients who are unassigned at device implantation

BTC = bridge-to-candidacy; BTD = bridge-to-decision; BTT = bridge-to-transplant; BTR = bridge-to-recovery; DT = destination therapy; MCS = mechanical circulatory support.

The severity of cardiac dysfunction and heart failure and the necessity and timeliness of LVAD intervention has been defined using the Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) profiles.[@B21] These are derived from INTERMACS, a US registry of all patients undergoing MCS. These are shown on [Table 4](#T4){ref-type="table"}.[@B21] The modifiers include additional clinical parameters that can affect outcomes. These include: Arrhythmias (modifier 1: A), Temporary Circulatory Support (modifier 2: TCS) and Frequent Flyer (modifier 3: FF).[@B21] The term "Frequent Flyer" denotes patients with frequent hospital admissions and visits. The INTERMACS profile score is predictive of outcomes without LVAD intervention. When INTERMACS data were first reported in 2009, 44% of patients receiving LVADs were in the INTERMACS 1 profile. However, it became clear that these patients had poor post-LVAD outcomes and were too sick for LVADs in general.[@B21] Consequently, the percentage of LVADs implanted for INTERMACS 1 "crash and burn" profile has declined more recently to 14%.[@B21] Most of the INTERMACS 1 patients would benefit from short term MCS (ECMO, Impella or Tandem Heart) as either a BTR, BTT or BTD (i.e., whether they have improved to the point that they could be candidates for durable LVAD implantation either as a BTT or DT). The majority of patients receiving LVADs now are INTERMACS profiles 2 and 3 and occasionally 4. INTERMACS profiles 5, 6 and 7 are generally considered to be too well for LVADs. Some of these patients may be listed for cardiac transplant and go on to transplantation.

###### Interagency Registry for Mechanically Assisted Circulatory Support profile[@B17]
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  Class   Descriptor                INTERMACS profile                                                                                                                                                                  Time frame for intervention                                             Modifier 1: A   Modifier 2: TCS   Modifier 3: FF
  ------- ------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------- --------------- ----------------- ----------------
  1       "Crash and burn"          Hemodynamic instability in spite of increasing doses of catecholamines and/ or critical hypoperfusion of target organs despite MCS; patients in critical cardiogenic shock         Necessary within hours                                                  X               X                 
  2       "Sliding on ionotropes"   Intravenous ionotrope support with acceptable blood pressure but rapid deterioration of kidney function, nutritional state, or signs of congestion                                 Necessary within days                                                   X               X                 
  3       "Dependent stability"     Hemodynamic stability with dependency on low or intermediate doses of ionotropic agents due to hypotension, worsening symptoms, or progressive kidney failure                      Elective within weeks to months                                         X               X                 X
  4       "Resting symptoms"        Temporary discontinuance of ionotropic agents is possible, but patient presents to medical attention with frequent symptoms                                                        Elective within weeks to months                                         X                                 X
  5       "Exertion intolerant"     Stable at rest without ionotropic agents but major limitation in any level of physical activity; clinical signs of moderate fluid retention and some level of kidney dysfunction   Variable, depending on nutrition, organ function, activity level        X                                 X
  6       "Walking wounded"         Stable at rest without ionotropic agents and minor limitation in physical activity; clinically without signs of fluid retention or kidney dysfunction                              Variable, depending on nutrition, organ function, activity level        X                                 X
  7       "Placeholder"             NYHA class II or III symptoms without current or recent fluid overload and hemodynamic instability                                                                                 Transplantation or circulatory support may not currently be indicated   X                                 

INTERMACS = Interagency Registry for Mechanically Assisted Circulatory Support; NYHA = New York Heart Association; Modifier 1: A = Arrhythmias; Modifier 2: TCS = Temporary Circulatory Support; Modifier 3: FF = Frequent Flyer.

Efforts have been made to determine if less ill patients (INTERMACS 4, 5 and 6 profiles) would benefit from LVAD implantation. One advantage of this strategy is that these profiles which consist of ambulatory heart failure patients, have better outcomes after LVAD implantation, specifically a lower incidence of RV failure at six months post-implant (2.3% for INTERMACS profiles 4--6, 3.9% for INTERMACS profiles 2--3 and 11.3% for INTERMACS profile 1).[@B16] MedaMACS was a medical arm registry for INTERMACS profile 5--6 patients who were ineligible for LVADs or transplants. The 144 such patients were studied and shown to have higher mortalities than similar profile patients who underwent LVAD implantation for DT.[@B22] This was the rationale for the Risk Assessment and Comparative Effectiveness of Left Ventricular Assist Device and Medical Management in Ambulatory Heart Failure Patients (ROADMAP) trial, a prospective, multi-center study of 200 non-inotrope dependent INTERMACS 4--7 profile patients. Patients were randomized to receive either an LVAD or remain on OMM. Survival was improved in the LVAD patients compared to the OMM patients (80.4±4% vs. 63±% p=0.22). The primary composite endpoint included survival plus improvement in six-minute walk test \>75 meters. More LVAD patients met the primary endpoint vs. OMM patients (39% vs. 21%, p=0.012). LVAD patients had more hospitalizations for VAD related complications but had a better quality of life.[@B23][@B24] The HeartMate II was used in this study. The LVAD patients had a higher rate of adverse events of which gastrointestinal (GI) bleeding was the major event. One confounder in this study was the high crossover rate from the OMM to the LVAD group as patients became sicker in the OMM group (30%). Thus LVADs in this less ill population improved survival, exercise tolerance and quality of life at a cost of more hospitalizations and post-LVAD adverse events. It also appears that many of the INTERMACS profile 4--7 patients will progress clinically in terms of worsening heart failure to the point where LVAD implantation becomes more imperative.[@B23][@B24]

In summary, patients should be referred for LVADs if they have NYHA class IV symptoms despite optimal GDMT and CRT (if they are candidates) of if they have recurrent hospitalizations for acute decompensated heart failure despite optimal medical GDMT. If they cannot tolerate optimal doses of angiotensin-converting-enzyme (ACE) inhibitors, angiotensin receptor blockers (ARBs), angiotensin receptor neprilysin inhibitors (ARNIs) or beta blockers due to side effects or hypotension, they should be considered for LVAD therapy. If patients require inotropic therapy such as milrinone or dobutamine to improve cardiac hemodynamics or end organ function, they should also be considered for LVAD therapy. Whether they are candidates for BTT, DT, BTC or BTD depends on noncardiac factors such as age and co-morbidities. It should remembered that the sickest patients, the INTERMACS profile 1 "crash and burn" patients have generally poor outcomes after LVAD implantation with poor survivals, and higher frequencies of post-implant RV failure, infection and multi-organ failure. An alternative to immediate LVAD implantation in these patients is short-term nondurable MCS to improve end-organ function and optimize these patients for durable LVAD implantation. It should be remembered that some of these patients especially those who are post-myocardial infarction or who have myocarditis may improve to the point of recovery and not require a durable LVAD.

COMPLICATIONS OF LVADs
======================

Right ventricular failure
-------------------------

RV failure is a feared post-LVAD implantation complication which heralds a 20% decrement in peri-operative survival.[@B25][@B26][@B27] It has been defined by INTERMACS as clinically and objectively having elevated central venous pressures. A recent metanalysis of 36 studies reported an incidence of RV failure of 35% in 4,428 patients. The causes of post-LVAD implantation include the unloading of the left ventricular (LV) after LVAD implantation which results in septal shifts, increased RV preload and ultimately decreased RV contractility and function. Prediction of post-operative RV failure before LVAD implantation has been a challenge. Predictive scoring systems have been developed but have not been very successful and are not used often.

Echocardiography is often used to predict post-operative RV failure after LVAD implantation. One such measure which may offer predictive power for postoperative RV failure is right ventricular stroke work index (RVSWI). RVSWI is defined as:
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Patients with preoperative RVSWI \<300 mmHg/mL/m^2^, indicative of intrinsic RV dysfunction indicates a greater than ten times likelihood of developing postoperative RV failure after LVAD implantation when compared to patients with preoperative RVSWI \>900 mmHg/mL/m^2^.[@B25][@B26][@B27][@B28][@B29][@B30]

Often, RV failure will be manifested in the operating room during LVAD implantation. This may necessitate implantation of a right ventricular assist device (RVAD). Sometimes RV failure is diagnosed clinical in the intensive care unit after LVAD implantation. This is manifested clinically by decreased blood pressures, cardiac outputs and urine outputs. Management would include implantation of an RVAD. Often, RVADs can serve as bridges to RV recovery and after several days to weeks, can be explanted as RV function improves.

Gastrointestinal bleeding
-------------------------

The most common source of bleeding in patients with CF LVADs is from the GI tract. This is in part facilitated by the fact that these patients are systemically anticoagulated with warfarin. In contrast, GI bleeding was very rare in patients with the old pulsatile LVADs as they did not need systemic anticoagulation. The threat of GI bleeding necessitates a careful evaluation of LVAD candidates for potential sources of GI bleeding such as colonic polyps and stomach ulcers. Colonoscopy and occasionally endoscopy should be performed preoperatively to identify any potential sources of bleeding and they should be treated when possible preoperatively. GI bleeding rates in LVAD patients ranges from 10--61%.[@B31][@B32][@B33][@B34] A metanalysis of 1,697 patients showed a GI bleeding rate of 23%.[@B35] The most common etiology of GI bleeding in LVAD patients is arteriovenous malformations or angiodysplasia which occur in 29% of LVAD patients.[@B35] It is thought that the CF in the second and third generation LVADs may contribute to the development of angiodysplasias. The most common location of GI bleeding in these patients is the upper GI tract (48%) of patients.[@B35] The pathophysiology of GI angiodysplasia in CF LVAD patients is incompletely understood but there is evidence that the hypoxia-inducible factor (HIF)-1α/angiopeptin pathway may be involved.[@B36][@B37] Often the angiodysplasias are difficult to find and the source of bleeding can remain occult in these patients. One medical option is to use octreotide an analogue of somatostatin. Both somatostatin and octreotide inhibit GI bleeding by increasing platelet aggregation, decreasing splanchnic blood flow, downregulating the formation of vascular endothelial growth factor and increasing GI vascular bed resistance.[@B38] Thalidomide has also been used to treat angiodysplasias in LVAD patients because of its anti-angiogenic effects.[@B39] Another option for medical therapy is digoxin which inhibits HIF-1α synthesis.[@B40] Although the incidence of GI bleeding is higher in recipients of second and third generation LVADs compare to the first generation pulsatile LVADs, mortality from GI bleeds is actually lower in recipients of the newer, CF LVADs compared to the pulsatile LVADs (20.9% vs. 43.7%, respectively).[@B35] From the DT clinical trial comparing HeartMate II to HeartMate I, there was no difference in GI bleeding episodes that required transfusions or surgery. Increasing experience with managing the newer CF LVADs has resulted in a reduction in GI bleeding incidence. From the INTERMACS data, these were 1.21 times more likely to occur in 2008--2011 than in 2012--2014.[@B21] Mortality from GI bleeding has also declined. This has likely been the result of more judicious use of anticoagulation, not using heparin loading and the use of medical therapy mentioned above.

Another contributor to increased risk of bleeding is acquired Von Willebrand Syndrome which has been documented in patients with CF LVADs.[@B41] It is thought that the VAD rotors degrade Von Willebrand Factor. Running LVADs at lower revolutions per minutes (RPMs) may mitigate this. That is a reversible phenomenon has been shown in patients with LVADs as BTT. Once the LVAD is removed at the time of transplant, the Von Willebrand Factor levels and its activity which were decreased pre-transplant return to normal.

Pump thrombosis and strokes
---------------------------

Patients with second and third generation CF LVADs are at risk of the sequelae of thromboembolic events despite receiving systemic anticoagulation and having acquired Von Willebrand Syndrome. The incidence of strokes ranges from 2--42% to 2--5% for transient ischemic attacks.[@B42][@B43][@B44][@B45] A more ominous complication is pump thrombosis. The incidence of pump thrombosis increased from 2% in 2011 to 5% in 2015 at six months post implant in HeartMate II LVADs (p\<0.0001) in date from 6,251 patients from INTERMACS.[@B46] In a review from three institutions of 837 patients in whom 895 HeartMate II devices were implanted between 2004 and 2011. The 72 pump thromboses were observed in 66 patients.[@B47] From March 2011, the incidence of pump thrombosis increased from 2.2% at three months post-implant to 8.4% in March 2013.[@B47] The median time post-implant to thrombosis declined from 18.6 months before March 1, 2011 to 2.7 months afterward.[@B47] Clinical pump thrombosis was preceded by a doubling of serum lactate dehydrogenase (LDH) from 540 IU to 1,490 IU.[@B47] Pump thrombosis in these patients was managed by cardiac transplantation in 11 patients and LVAD replacement in 21.[@B47] Of the remaining 40 patients with pump thromboses but who did not get a cardiac transplant or pump exchange, mortality was high at 48.2% at six months after pump exchange was diagnosed.[@B47] Of note, the centers in this study had recently reduced their target international normalized ratio (INR) for anticoagulation to reduce the incidence of GI bleeding. The lower INR targets were in effect at the time of the increase in pump thrombosis.[@B47] The PREVENTION of HeartMate II Pump Thrombosis through Clinical Management (PREVENT) study of 300 patients who underwent HeartMate II implantation at 24 medical centers showed a pump thrombosis rate of 2.9% at three months and 4.8% at six months.[@B48] Strict adherence to a regimen of careful pump implantation. Heparin bridging within 48 hours post-operatively, initiation of warfarin at 48 hours with a target INR of 2.0--2.5,and addition of aspirin (81--325 mg daily) 2--5 days post implantation if there was no bleeding and maintaining pump speeds [\>]{.ul}9,000 RPMs reduced the incidence of pump thrombosis from 8.9% to 1.9% (p\<0.01) and the incidence of ischemic stroke from 17.7% to 5.7% (p\<0.01) at six months post implant.

Recent data from INTERMACS indicates that the incidence of HeartMate II pump thrombosis at six months peaked at 8% in 2013 but declined to 5% in 2014.[@B49] HeartMate II pump thrombosis incidence has been reported to be 3.6%, 5.7% and 3.6% at here, six and twelve months post implant respectively. Results from the HVAD Evaluation of the HeartWare Left Ventricular Assist Device for the Treatment of Advanced Heart Failure (ADVANCE) study showed that this device had a 4% pump thrombosis incidence at six months.

Clinical manifestations of pump thrombosis include symptoms of heart failure such as dyspnea on exertion and hematuria, the latter reflecting hemolysis. Serum free hemoglobin increases as does serum LDH and the latter two laboratory abnormalities precede clinical evidence of pump thrombosis. The LVAD itself will demonstrate elevated pump power and decreased pulse index. The combination of recurrent heart failure signs and symptoms with LVAD dysfunction as described above, signs and lab tests indicating hemolysis points to pump thrombosis as the cause. Pump Thrombosis is also associated with thromboembolic events such as strokes and TIAs. The presence of the aortic valve (AV) opening with most or every cardiac systole as demonstrated echocardiographically is further evidence of pump thrombosis. A chest computed tomography angiogram can confirm, the presence of pump thrombosis. Management includes administration of intravenous heparin and intravenous inotropic therapy to improve cardiac function. Patients should then be upgraded on the heart transplant list to emergently get a heart transplant which would include explantation of the thrombosed LVAD. For those patients who cannot get heart transplants rapidly or who are receiving LVADs as DT, a pump exchange with explantation of the old LVAD and replaced with a new LVAD are definitive treatments of this problem. Thrombolytic therapy should be avoided given the risk of intra-cranial hemorrhage with this therapy.

Pump thrombosis will likely become less common as the rate of pump thrombosis and the need for pump exchange are significantly less common in HeartMate 3 vs. HeartMate II patients as discussed later in this article.

Infection
---------

Infections can occur anywhere throughout the LVAD circuit including the LVAD pocket where the LVAD is implanted, the LVAD itself or the cannulae that go from the left ventricle to the VAD and from the LVAD to the aorta and the driveline which goes from the LVAD through the skin to the LVAD power source. The latter is the most common site of LVAD infections because it represents a pathway from the external environment to the LVAD interior. The most common organisms causing LVAD infections are skin flora such as *Staphylococcus aureus* and coagulase-negative staphylococci.[@B50] These are particularly common in driveline infections. Infections of the LVAD and other internal components can be caused by other organisms as well such as *Serratia*, *Klebsiella*, and *Enteroccocus* species, *Pseudomonas aeruginosa*.[@B50] Candida can cause up to ten percent of infections.[@B50] Bacteremia from another infection can seed the LVAD and infect it. Infections have declined from 38% of patients reported in the first year of INTERMACS to 17.6% reported in 2014 by INTERMACS. Mortality from sepsis has declined from 41% reported in the REMATCH study to 8.8% in recent INTERMACS reports.[@B9][@B16][@B21]

The management of LVAD related infections includes debridement of infected tissue and administration of intravenous antibiotics. Often, the driveline site where the driveline traverses the skin can provide insight into the presence of infection as there may be erythema and purulent discharge. When the VAD or the cannulae are infection, the only cure is explantation. If the patient is on the transplant lost, an LVAD related infection will raise the patient on the priority list allowing for earlier transplantation and removal of the infected LVAD. Antibiotics can be used to suppress the infection. For DT patients, the infected LVAD may need to be explanted. Temporary nondurable support with an Impella can be used to support the patient hemodynamically until the infection is eradicated at which point a new LVAD can be implanted.

Ventricular arrhythmias
-----------------------

Ventricular arrhythmias are common after LVAD implantation especially in the early postoperative period. In the first annual INTERMACS report, 14.8% of patients had ventricular arrhythmias within the first 30 days of implant whereas 5.2% had arrhythmias beyond 30 days after implant.[@B16] The presumptive mechanism includes establishment of reentrant circuits around the site of the inflow cannula in already damaged myocardium. Concomitant postoperative use of catecholamines in the postoperative period may exacerbate this. A more common cause is suction events. This occurs when the inflow cannula sucks too much blood, bringing the cannula to appose the septum. The left ventricle becomes markedly unloaded and may collapse upon itself. The remedy for this usually to decrease the LVAD flow rate which results in greater left ventricular filling. Although LVADs can provide hemodynamic support even in the setting of ventricular tachycardia or ventricular fibrillation, this hemodynamic situation is inherently unstable and must be treated. Many of these patients will go to LVAD implantation already having an implantable cardioverter-defibrillator. This can help with management of these arrhythmias. Use of heart failure medications including RAAS inhibitors and beta blockers may mitigate the development of ventricular arrhythmias. As time goes on after MCS, the ventricle may remodel and this may make ventricular arrhythmias less likely to develop. Use of anti-arrhythmic agents such as lidocaine or amiodarone is rarely necessary.[@B51]

Hypertension
------------

Patients with CF LVAD generally do not have systolic or diastolic pressures if they have CF. Thus, the mean arterial pressures (MAP) have to be assessed using Doppler. Hypertension in CF LVAD patients is defined as a MAP greater than 90 mmHg. This is associated with a much higher risk of stroke. Hypertension in patients with continuous LVADs can impede LVAD function. Hypertension can be managed in these patients using conventional agents ranging from ACE inhibitors, ARBs, ARNIs to beta blockers. Hydralazine is often rapidly effective in these patients. The goal should be a MAP=60--70 mmHg.[@B52]

Pump optimization
-----------------

Contemporary CF LVADs are complex devices as are their interactions with the heart and the cardiovascular system. Their speed can literally be dialed up but not enough RPMs may result in continued heart failure and end-organ dysfunction as well as pump thrombosis. Too many RPMs can exacerbate RV failure, ventricular arrhythmias and acquired Von Willebrand\'s Syndrome. Strategies have been developed to allow for optimization of LVAD flows to optimize their function in conjunction with the heart and to avoid the above mentioned problems. The goal is to identify the optimal speed of the LVAD for the patient. This can be done using echocardiography. This is usually deferred until after the early postoperative period once inotropic and vasoactive agents have been stopped and the patient\'s volume status has stabilized. Ramp studies are performed to accomplish optimization using echocardiography to visualize the heart at different pump speeds. Device speed optimization is defined as the speed in which the LV is adequately unloaded with a midline intraventricular septum with minimal mitral regurgitation (MR) and intermittent AV opening.[@B31] This can vary greatly from patient to patient.

The protocol as described by Uriel and colleagues is as shown below.[@B53] This should be performed in patients with HeartMate II and HVAD. The RPMs differ with these two LVADs and so adjustments must be made accordingly.

1.  1\. Before performing a ramp test, appropriate anticoagulation must be confirmed with an INR greater than 1.8 or partial thromboplastin time greater than 60 seconds. Opening arterial pressure by Doppler during the study should be \>65 mmHg at baseline to proceed.[@B53]

2.  2\. The parasternal long-axis view is then primarily used to assess LV end-diastolic dimension (LVEDD), LV end-systolic dimension (LVESD), frequency of AV opening, degree of aortic insufficiency (AI), MR, and heart rate.[@B53]

3.  3\. Continuous-flow LVAD parameters, including power, pulsatility index (PI), and flow, are recorded at each stage. Baseline evaluation of these variables are also recorded at the given speed at presentation.[@B53]

4.  4\. For HeartMate II LVADs, the device speed is then lowered to 8,000 RPM and 2,300 RPM for the HVAD devices. After 2 minutes of washout time, LVEDD, LVESD, degree of MR, AI, assessment of AV opening, Doppler blood pressure, and heart rate are all recorded. Pump parameters (power, PI, and flow) are also recorded during each stage.[@B53]

5.  5\. Stepwise increase in speed at intervals of 400 RPM for HeartMate II and 100 RPM for HVAD are then made; other protocols have shown 130-RPM intervals in the HVAD physiologically correlates with 400-RPM intervals in the HeartMate II.[@B53][@B54]

6.  6\. The testing speed range for HeartMate II is 8,000 to 12,000 RPM and 2,200 to 3,200 RPM for the HVAD.[@B53]

7.  7\. The protocol is complete once the upper limit speed is reached, LVEDD reaches less than 3.0 cm, suction event, or ventricular ectopic beats occur. The clinician must also pay attention to development of premature ventricular contractions, which may indicate contact of the inflow cannula with the septum.[@B53]

8.  8\. From a medical optimization standpoint, the speed is adjusted to clinically achieve a midline intraventricular septum, minimal MR, and intermittent AV opening to prevent development of AI.[@B53]

An alternative to echocardiographically guided ramp studies is the hemodynamic ramp protocol to facilitate optimization of the LVAD in patients supported with these devices. This involves left and right heart catheterization to obtain continuous aortic and left ventricular pressures as well as right atrial, pulmonary arterial pressure (PAP) and pulmonary capillary wedge pressure (PCWP). LVAD flows are adjusted to obtain optimal right and left ventricular hemodynamics.[@B55]

A less invasive approach is to use right heart catheterization alone to adjust LVAD flows to optimize cardiac output, PAP and PCWP.[@B56]

THE HeartMate 3: FURTHER ADVANCES IN LVAD TECHNOLOGY
====================================================

The Multicenter Study of MagLev Technology in Patients Undergoing Mechanical Circulatory Support Therapy with HeartMate 3 (MOMENTUM 3) study was a pivotal LVAD clinical trial involving the randomization of 294 patients to receive the HeartMate 3, a fully magnetically levitated centrifugal CF LVAD to the axial flow HeartMate II. The 152 patients received the HeartMate 3 while 142 received the axial flow HeartMate II.[@B57] The primary end point was a composite of survival free of disabling stroke (with disabling stroke indicated by a modified Rankin score \>3; scores range from 0 to 6, with higher scores indicating more severe disability) or survival free of reoperation to replace or remove the device at 6 months after implantation. The 131 (86.2%) patients in the HeartMate 3 group reached the primary endpoint vs. 109 (76.8%) patients in the HeartMate II study. There was no significant difference in rate of deaths or disabling strokes in the two groups. However, reoperation for pump malfunction was less common in the HeartMate 3 group vs. the HeartMate II group (1 \[0.7%\] vs. 11 \[7.7%\], p=0.002). No suspected or confirmed pump thromboses were seen in the HeartMate 3 group vs. 14 (10.1%) patients in the HeartMate II group.

In a follow up study, 366 patients were enrolled, 190 of whom received the HeartMate 3 and 176 of whom received the HeartMate II.[@B58] The primary end point was a composite of survival free of disabling stroke (with disabling stroke indicated by a modified Rankin score \>3; scores range from 0 to 6, with higher scores indicating more severe disability) or survival free of reoperation to replace or remove the device at two years after implantation.[@B58] The 151 (79.5%) of HeartMate 3 patients reached the primary endpoint compared to 106 (60.2%) in the HeartMate II group. Reoperation for pump malfunction was less common in the HeartMate 3 group compared to the HeartMate II group (3 \[1.6%\] vs. 30 \[17.0%\], p=0.01). Death rates were similar between the two groups but rate of disabling strokes was less in the HeartMate 3 group compared to the HeartMate II group (10.1% vs. 19.2%, p=0.02).[@B58]

A final phase of the MOMENTUM 3 trial enrolled 1,028 patients, of which 516 received the HeartMate 3 and 512 received the HeartMate II.[@B59] The composite primary end point was survival at 2 years free of disabling stroke or reoperation to replace or remove a malfunctioning device. The principal secondary end point was pump replacement at 2 years. The 397 (76.9%) patients in the HeartMate 3 group reached the primary endpoint compared to 332 (64.8%) in the HeartMate II group.[@B59] Pump replacement for malfunction was less common in the HeartMate 3 group compared to the HeartMate II group (12 \[2.3%\] vs. 57 \[11.3%\], p\<0.001).[@B59] Patients in the HeartMate 3 group had fewer strokes, major bleeding, GI bleeding or ventricular arrhythmias than in the HeartMate II group. Thus, this newest LVAD has fewer pump thromboses and LVAD replacements for LVAD malfunction. There are unique aspects of this device which may account for its superior outcomes: It has wide blood flow conduits which reduces shear of the blood, it is frictionless without mechanical bearings and it has an intrinsic pulse which is designed to reduce stasis and prevent pump thrombosis. The intrinsic pulse may help to prevent GI angiodysplasia.

FULLY IMPLANTABLE PUMPS
=======================

At present, none of the LVADs that are commercially available are fully implantable. They still have drivelines that go from the LVAD to the external power source. This serves as a source of infection and limits the activities that LVAD supported patients can pursue; they cannot swim and have difficulties showering. To become fully implantable, there would need to be an internal power source and a way to charge it transdermally. This technology does exist and has been used in artificial hearts. The first was the AbioCor which was placed in 14 patients in the early 2000\'s.[@B60] The longest time a patient lived with the device was 512 days. The patients who received the device were too sick for transplant. Another approach was the Penn State LionHeart which was a totally implantable VAD. These were implanted in small numbers in the early 2000s.[@B61][@B62]

There is now a totally implantable LVAD which uses the Jarvik VAD platform. It is produced by Leviticus and is called the Leviticus FiVAD. It has been implanted in two patients.[@B63] Plans are underway for further development of this VAD and for clinical trial. Such devices could reduce or eliminate the threat of infection in these patients.

LVADs COMPARED TO CARDIAC TRANSPLANTATION
=========================================

LVAD outcomes have improved consistently over the past twenty years since the results of the REMATCH trial. Outcomes for cardiac transplantation have also improved mainly due to improvements in the survival in the first six months to one year post-transplant as a result of a lower incidence of rejection and infection in this time period and better outcomes when these events occur. This is from the Registry on the International Society of Heart and Lung Transplantation (ISHLT).[@B64][@B65][@B66] Notably, the incidence of cardiac allograft vasculopathy (CAV) and malignancy post-transplant have declined modestly in recent years with better outcomes. Despite this, survival beyond the first year post-transplant has not changed substantially with CAV and malignancy being the major causes of death in these patients.[@B65][@B66] Despite this, newer immunosuppressive agents, specifically the mTOR inhibitors everolimus and sirolimus, have been shown to reduce the incidence and severity of CAV.[@B67][@B68] Newer strategies have enabled initiation of the agents weeks or months after transplant, thus preventing the adverse events seen in *de novo* early initiation while preserving their salutary effects on CAV.[@B68] These agents also have anti-neoplastic effects and are used as adjuncts in the management of patients with certain malignancies. Data from the SRTR indicates that renal transplant recipients receiving either mTOR inhibitors alone or with calcineurin antagonists (tacrolimus, cyclosporine) have lower rates of malignancies than patients receiving calcineurin antagonists alone.[@B69]

The ISHLT Registry reports survival at one year in excess of 90%. In contrast, the best one year survival reported for LVADs is in the high 80s, inferior to transplants although there has been no randomized comparison. Advantages of LVADs over transplant include the fact that they are readily available, essentially "off-the-shelf". The post-transplant complications, CAV, malignancy, rejection, infection and nephrotoxicity (from immunosuppression) do not occur in LVAD patients. There is no limits in LVADs as there is in donor hearts and this explains why more LVADs are being performed than cardiac transplants. AS the heart failure population continues to age, this will further shift the numbers toward LVADs.

Who should get transplants instead of LVADs? Generally younger patients with few co-morbidities should get transplants as transplants have kept many patients alive for decades and longer than has been seen with LVADs. This will likely improve over time. LVAD survival will likely improve with improvements in technology. More durable, reliable VADs with lower stroke rates, GI bleeding and pump thrombosis rates that are totally implantable may give transplants competition in terms of outcomes. At presents, VADs should be used in older patients with co-morbidities including recent malignancies, and smoking should be considered for VADs.

CONCLUSIONS
===========

Management of heart failure from medical therapy to devices to LVADs to transplants has improved dramatically over the past few decades. LVADs represent a significant advance in that they allow patients who were critically ill to survive to transplant and to function including becoming physically active. As the technology has improved and outcomes have improved, LVADs have become viable and realistic alternatives for patients who might not be optimal transplant candidates. As the technology continues to improve and disseminate worldwide, the number of patients who receive LVADs will continue to grow. Eventually with improved technology, LVADs may provide realistic competition to cardiac transplantation in most patients.
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